Key biological properties such as high genetic diversity and high evolutionary 25 rate enhance the potential of certain RNA viruses to adapt and emerge. 26
INTRODUCTION

8
were collected, then mapped to the SHFV-krc2 consensus sequence obtained 153 from de novo assembly. The resulting SHFV-krc2 consensus sequence was then 154 used as the reference for mapping and collecting unmapped reads to map to the 155 SHFV-krc1 consensus sequence generated from de novo assembly. This 156 process was repeated until changes between the reference and the consensus 157 sequences were not observed for either virus. Using this method, reads 158 corresponding to SHFV-krc1 and SHFV-krc2 were reliably segregated in co-159 infected animals, with less than 0.2% of SHFV-specific reads mapping to both 160 viruses. The average coverage per genome was 5,654x (range 118-19,115x) for 161 SHFV-krc1 variants and 2,264 (range 94-6,613x) for SHFV-krc2 variants. For 162 intra-host genetic analysis, sequencing reads were mapped to the corresponding 163 consensus sequence for each variant. Single nucleotide polymorphism (SNP) 164 reports were generated in Geneious, with a minimum coverage threshold of 100 165 reads and a minimum frequency threshold of five percent. 166
Evolutionary analyses. The synonymous nucleotide diversity (π S ) and 167 the non-synonymous nucleotide diversity (π N ) were estimated for each ORF 168 individually from SNP reports generated by mapping sequencing reads to their 169 corresponding consensus sequence. We estimated π S = n s /L s and π N = n n /L n , 170 where n s is the mean number of pairwise synonymous differences; n n is the 171 mean number of pairwise synonymous differences; L s is the number of 172 synonymous sites; and L n is the number of nonsynymous sites. L s and L n wereMEGA 5.05 [20] . Estimating π S and π N separately for each ORF in each virus 176 from co-infected animals, we used a factorial analysis of variance to test for main 177 effects of the virus (SHFV-krc1 vs. SHFV-krc2) and the ORF, and for virus-by-178 ORF interactions. In the case of π S , there were highly significant main effects of 179 virus (F 1, 459 = 41.31; p < 0.001) and of ORF (F 13, 459 = 14.07; p < 0.001), but 180 there was not a significant virus-by-ORF interaction (F 13, 459 = 1.35; n.s.). In the 181 estimate the viral load of SHFV-krc1 and SHFV-krc2 in infected red colobus, a 209 strain-specific qRT-PCR assay was designed to amplify highly conserved regions 210 in ORF7 of the SHFV-krc1 and SHFV-krc2 genomes. This assay was used to 211 assess the viral burden in cell-free plasma for each animal found to be positive 212 by deep sequencing. SHFV-krc1 viremia was consistently high, averaging 213
5.1x10
7 vRNA copies/ml plasma, (range: 1.5x10 6 -1.9x10 8 copies/ml plasma) 214 ( Figure 3A) . SHFV-krc2 loads were more varied (range: 3.4x10 4 -4.1x10 7.5x10 6 vRNA copies/ml plasma (p = 0.0001, two-tailed t-test). Although 217 instances of mono-infection were scarce relative to co-infection, mono/co-218 infection status did not impact the load of either virus to a statistically significant 219 extent (mono-vs. co-infected: p = 0.063 for SHFV-krc1, p = 0.089 for SHFV-krc2, 220 two-tailed t-test, Figure 3B,C) . 221
Consensus-level genetic diversity among SHFV-krc1 and SHFV-krc2 222 variants. To quantify the genetic diversity of SHFV-krc1 and SHFV-krc2 within 223 the red colobus population, we examined similarity among the 24 SHFV-krc1 and 224 selection acting to drive beneficial protein-coding mutations to fixation. We found 254 that, overall, negative selection acting against deleterious non-synonymous 255 mutations predominated for both SHFV-krc1 and SHFV-krc2. In SHFV-krc1, π S 256 exceeded π N by a ratio of over 6:1, whereas in SHFV-krc2, π S exceeded π N by a 257 ratio of nearly 5:1. Both π S and π N were significantly greater in SHFV-krc1 than in 258 SHFV-krc2 (p = 0.002 and p = 0.021, paired t-test), indicating greater overall 259 nucleotide diversity in SHFV-krc1 than in SHFV-krc2 ( Figure 5) . A positive 260 correlation between viral load and both π S and π N was observed. However, mean 261 π S and π N did not differ significantly between co-infected monkeys and thoseinfected with only SHFV-krc1 or SHFV-krc2 (data not shown). 263
The organization of ORFs in the genomes of SHFV-krc1 and SHFV-krc2 264 was the same as described previously (Figure 1) [9,10,17], so we used a factorial 265 analysis of variance approach to investigate π S and π N in ORFs in both viruses. 266
In general, 3'-proximal ORFs displayed more non-synonymous diversity than 5'-267 proximal ORFs, suggesting that the proteins encoded by 5'-proximal ORFs may 268 be more functionally constrained than those encoded by 3'-proximal ORFs. ORFs revealed peaks of π S demonstrating that observed elevations in π N were 287
ORF-specific, as expected [28,29] (data not shown). 288
Unique patterns of inter-and intra-host variation can be visualized on a 289 genome-wide scale for all SHFV-krc1 and SHFV-krc2 variants using our custom-290 built LayerCake software: http://graphics.cs.wisc.edu/Vis/LayerCake/. 291
DISCUSSION 292
This study provides the first systematic analysis of SHFV genetic diversity in a 293 population of wild non-human primates. Our findings show that SHFV-krc1 and 294
SHFV-krc2 have a high frequency of infection in the red colobus population of 295
Kibale, and that these viruses achieve high titers in the blood of infected 296 monkeys. Our study also details, for the first time, the genetic diversity of SHFV-297 krc1 and SHFV-krc2 both within and among infected hosts. We draw particular 298 attention to the signatures of natural selection identified throughout the genomes 299 of these viruses, with an emphasis on signatures of positive selection identified in 300
ORFs 3 and 5. 301
To date, primates from only two species -the red colobus and red-tailed 302 guenon -have been found to harbor simian arteriviruses in the wild [9, 10] . glycosylation sites were variably found in association with each peak of non-402 synonymous nucleotide diversity identified ORF5/GP5 of both SHFV-krc1 andamino acids separated these two regions of diversity, and was predicted to form 406 an additional transmembrane domain in both SHFV-krc1 and SHFV-krc2 [62] [63] [64] . 407 A domain that spans the membrane once in this region would place the N-408 terminal portion of GP5 -including the region corresponding to the more 5'-409 proximal peak of non-synonymous nucleotide diversity -within the virion. While 410 this possibility cannot be formally excluded, the high sequence diversity of this 411 region -including multiple putative N-glycosylation sites -suggests that this 412 scenario is unlikely. Nevertheless, it is conceivable that this region interacts 413 extensively with the membrane of the virion and its functional significance, 414 although obscure, is highlighted by its conservation across all other known 415
simian arteriviruses including SHFV-LVR, SHFV-krtg1, and SHFV-krtg2 (data not 416 shown). 417
The findings presented in this study show that SHFV variants contain high 418 genetic diversity within their hosts. This presents the possibility that SHFV-krc1 419 or SHFV-krc2 could evolve rapidly within the red colobus, perhaps gaining 420 Comparison of SHFV-krc1 (green) and SHFV-krc2 (purple) viral loads from all 666 animals positive for either virus (A) and viral loads from mono-infections vs. co-667 infections of SHFV-krc1 (B) and SHFV-krc2 (C). RNA was isolated from blood 668 plasma and quantitative RT-PCR was performed using strain-specific primers 669 and probes designed from deep sequencing data. Statistical significance was 670 assessed using a two-tailed t-test performed on log-transformed values (CI = 
